ABSTRACT Mycoplasma gallisepticum infection can lead to major financial losses for poultry producers. Control of M. gallisepticum infection in the layer industry is generally obtained through vaccination due to the nature of the multi-aged flocks in the facilities. Live vaccines can provide significant protection from the pathogenic effects of M. gallisepticum infection. However, differing management practices, including vaccination procedures, can lead to significant variations in the efficacy of the same vaccine. The site of vaccine deposition has been shown to be one important factor significantly influencing the vaccination outcome. Previous research has shown that vaccine applied to the eyes or sprayed on the head is significantly more effective than when sprayed on the body. Vaccine application to the eyes, through the nares (nasal), and 2 routes through the oral cavity were studied to further characterize the most efficient route for delivery. Results of this work demonstrate that eye drop vaccination is significantly more effective than nasal vaccination, and vaccine delivered through the oral cavity has a negligible contribution to overall vaccination outcome.
INTRODUCTION
Mycoplasma gallisepticum infection leads to chronic respiratory disease, infectious sinusitis, decreased egg production, and increased carcass condemnation in domestic poultry (Ley, 2003) . The end result of M. gallisepticum infection is a significant increase in production costs for poultry producers (Evans et al., 2005) . Vaccines that protect against M. gallisepticum infection were introduced to decrease the costs of M. gallisepticum infection incurred by poultry producers .
Vaccination started with first-generation bacterinbased vaccines with minimal efficacy (Levisohn and Kleven, 2000) . Multiple live-attenuated M. gallisepticum strains were also developed into successful commercial products (Kleven, 2008) . However, variations in the method of application of certain live-attenuated vaccine strains resulted in problems with actual vaccine efficacy under field conditions. Many studies have been performed which have identified specific vaccine application conditions that optimize vaccine application, including standardizing the vaccine delivery solution and the means of delivering the vaccine to the chicken Purswell et al., 2008; Leigh et al., 2008b) . This work has led to a significant increase in the efficacy of live-attenuated M. gallisepticum vaccines with the greatest impact on spray application of the vaccines.
The method of vaccine application can be another important factor in vaccine efficacy, as the route through which poultry vaccines are applied influences the anatomical site through which poultry receive the vaccine, and therefore the host response to the vaccine. Although eye dropped vaccines are applied solely to the eyes, sprayed vaccines can end up in the eyes, nares, and in the oral cavity through preening activities. Vaccines dispensed through drinking water end up in the oral cavity with rapid transit to the esophagus and digestive tract. Previous research has shown that vaccination by eye drop or spraying the head leads to an increased immune response compared to whole body or body only spray exposure (Evans et al., 2015) . This suggests that application of the vaccine through the eye, respiratory system (nares), or oral cavity could be a much more effective route of vaccination than an equivalent amount of vaccine applied to other anatomical sites. To understand the importance of vaccine uptake at these sites, direct application of a vaccine dilution series at these sites was tested to identify the levels at which a host immune response could be detected.
MATERIALS AND METHODS

Chicken Housing and Management
The care and management of all chickens was performed using protocols approved by the USDA-Agricultural Research Service Institutional Animal Care and Use Committee (Mississippi State, MS).
Hy-Line W36 cockerels were obtained from a commercial M. gallisepticum and Mycoplasma synoviae free source. Chicks were placed on clean pine shavings in a conventional house and were raised according to HyLine W36 management guidelines (Hy-Line International, 2016a). Cockerels were fed a standard layer diet regimen as described previously (Branton et al., 2002) .
Study Design
Trial 1: 128 9-wk-old cockerels were randomly placed at 8 cockerels per isolation unit (Branton and Simmons, 1992) . M. gallisepticum Poulvac Myco F (Zoetis Inc., Kalamazoo, MI) was used as the vaccine. Cockerels were vaccinated at rates of 1X, 0.1X, 0.01X, and 0.001X of the manufacturer's recommended dose diluted in PBS (Leigh et al., 2008b) . The vaccine dosage volume was 20 μL and was applied by eye drop, instillation into the right nare (Nasal), on the tongue (Oral), or in the esophagus at least 1 cm past the cranial larynx. Because of space limitations, the 1X eye drop vaccinated group was replaced with a control (unvaccinated) treatment based on previous results demonstrating identical results for both 1X and 0.1X eye drop vaccinated chickens (Evans et al., 2012) . At week 1-6 post vaccination (10-15 wk of age), blood was obtained from each chicken. Serum obtained from the blood was used for serum plate agglutination (SPA) analysis. SPA analysis was performed using antigen obtained from Charles River Laboratories, Inc. (Wilmington, MA), and tests were performed according to the manufacturer's supplied instructions.
Trial 2 was identical to trial 1, except 4 9-wk-old cockerels were used per treatment group. During much of this trial, cooling system problems occurred resulting in an average temperature of 26
• C instead of the HyLine recommended 21
• C. No heat stress was observed during this period and the 26
• C temperature was only 1
• C outside the range listed in the Hy-Line guide on heat stress management, in an isolation unit with constant air flow (Hy-Line International, 2016b).
Statistics
All data were log 10 transformed prior to analysis. Serum plate agglutination results were analyzed using the ANOVA Mixed Model function of SAS Enterprise Guide (SAS Enterprise Guide version 6.1, 2013). Data were analyzed using fixed effects of treatment × dose × week and trial as a random effect. Differences of least squares means were calculated using Tukey's adjustment. Results were deemed to be significantly different if P ≤ 0.01.
RESULTS AND DISCUSSION
To determine the impact of vaccine applied to the eye, nares, and oral cavity, cockerels were vaccinated with M. gallisepticum doses ranging from 0.001X to 1X of the manufacturers recommended dose by drop into the right nare (Nasal), onto the tongue (Oral), into the esophagus (Esophageal), or onto the right eye (Eye Drop, 0.001X to 0.1X only). Cockerels were bled each week for 6 wk to track the serological response to the vaccine by SPA assay. Only SPA analysis, which identifies the host IgM response, was used in this study. Prior work has shown that ELISA and hemagglutinin inhibition assays, which measure the host IgG response, do not begin to provide meaningful data until the sixth week following M. gallisepticum vaccination (Leigh et al., 2011) .
The results of this work demonstrate that eye drop vaccination is at least 10X more effective than instillation in the nares (Figure 1 ). Eye drop vaccination was statistically significant for the 0.1X dose at weeks 3, 4, 5, and 6, and the 0.01X dose at week 6. The eye drop vaccination results were consistent with results from previous studies (Evans et al., 2012) . Recent work also suggests that eye drop bacterin vaccination may boost bacterin vaccine efficacy (Limsatanun et al. 2018) . Neither form of oral vaccination yielded significant results. Nasal vaccination was only statistically significant for the 0.1X dose at 6 wk, although the 1X dose was not significantly different from the unvaccinated controls. It is unknown if vaccination by this route is more variable than eye drop vaccination or if increased doses administered through the nares may lead to a tolerance of the vaccine not obtained by eye drop vaccination. However, it is most likely due to natural variation in the host response to minimal levels of vaccine exposure.
The differences in results between eye drop and nasal vaccination were unexpected. Because M. gallisepticum infects the respiratory tract, both routes of vaccination were thought to yield equivalent results. However, these results suggest that exposure at the eye is much more likely to result in an immune response to the vaccine compared to nasal exposure. Previous work has suggested that the Harderian gland may play a role in the response to M. gallisepticum infection (Benčina et al., 1991) , consistent with these results.
Delivery of live M. gallisepticum vaccines can be done using a variety of routes including spray, eye drop, and via drinking water (Ley, 2003) . Delivery via drinking water is no longer recommended by vaccine manufacturers and based on these results is unlikely to be very effective. Spray vaccination is an inexpensive method of vaccine delivery for poultry producers. A number of studies have been performed over the last decade to improve vaccine delivery by this method including determining optimal solution temperature, standardizing delivery methods such as nozzle type and pressure, and developing improved stabilizers for the live vaccine ( et al., 2010). The amount delivered to the eye during spray vaccination is only about 1/700th of the applied dose, necessitating high levels of vaccine application and very consistent application methodology to achieve reproducible results . Delivery to the nares and oral cavity through preening also contribute to vaccine uptake. However, previous work has shown that vaccine obtained from the feathers (i.e., preening) is very inefficient at generating a host immune response (Evans et al., 2015) . This work has further shown that vaccine delivered through the oral cavity also does a poor job of generating a host immune response, likely a main factor in the poor immune response to vaccine taken up through preening.
Eye drop delivery of live vaccines requires significant additional expense due to the requirement of handling each chicken (Bermudez and Stewart-Brown, 2003) , especially because the overall outcome of vaccination by any of the routes will likely result in complete vaccination of the flock over an extended time. However, allowing the vaccine to roll through a flock over time instead of complete flock vaccination as specified by the vaccine delivery management schedule can lead to unintended consequences, including unwanted interactions between vaccines, lack of protection prior to flock placement, and potential decreases in egg production . The significant increase in vaccination efficacy from eye drop vaccination will in most cases outweigh the additional cost to producers, especially if the vaccination can coincide with other vaccinations that require individual handling of poultry.
